midbrain (Fig. 1) . Cerebral angiography ruled out vascular abnormality, including developmental venous anomaly. Blood oxygen level-dependent functional MRI (fMRI) and diffusion tensor imaging (DTI) were performed and showed anterior and lateral displacement of the right posterior limb of the internal capsule (PLIC). The right corticospinal tract fibers were identified coursing through the PLIC and being displaced by the cavernoma and hemorrhage cavity (Fig. 2D) . The right corticospinal tract wrapped around the lateral surface of the cavernoma and hematoma cavity and began to curve anteriorly; it then took another turn along the inferior border as it approached the cerebral peduncle.
The patient requested surgical management after multiple discussions regarding the natural history and management of cavernomas including observation and resection. Preoperative images were reviewed, and a surgical corridor was designed from an extreme anterior approach through the frontal lobe to reach the cavernoma before the lateral fibers of the corticospoinal tract coursed anterior and inferior around the cavernoma (Fig. 2) . The resection was performed 8 weeks after the most recent hemorrhage as an awake craniotomy through a transulcal parafascicular approach with intraoperative navigation. A 4 × 4-cm right frontal craniotomy was turned prior to awakening the patient, followed by a 14-mm cruciate dural opening. A neurologist was present who monitored the patient's neurological status during the operation. Using the neural navigation, the entry point was identified, a small transulcal entry was made, and the BrainPath (NICO Corp.) was guided to the target. Care was taken to irrigate the external surface of the sheath while guiding it to the target in the subcortical space. The sheath was then secured, and the inner obturator was removed. Visualization was obtained with the aid of an exoscope positioned at a sufficient working distance from the port to allow transit of instruments and was held in place by a robotic arm. The NICO Myriad system (NICO Corp.), suction, and irrigation were used to evacuate the hematoma and resect a vascular abnormality consistent with cavernoma. Hemostasis was obtained with bipolar cautery and irrigation. The sheath was removed slowly a few millimeters at a time to manage any hemorrhaging from the tract. The craniotomy was then closed in standard fashion. No decline in the neurological examination occurred during the procedure. Pathological analysis revealed hemosiderin deposition, granulation tissue, and masses of hyalinized blood vessels with no intervening parenchyma or elastin staining, consistent with cavernoma.
Postoperative examination findings showed improvement in the left hemianesthesia and hemiparesis; the patient was able to ambulate immediately after surgery. The patient spent 1 night in the intesive care unit (ICU), followed by transfer to the floor while waiting for a transfer to rehabilitation. The patient has since been discharged from rehabilitation with significant improvement in his motor deficit and hemianesthesia; he is able to ambulate and run now with only minor difficulty. Two-month postoperative images showed a complete resection (Fig. 3) . The patient will continue to be followed with imaging to ensure long-term cure.
case 2
This 44-year-old man had undergone resection 20 years previously for a cerebellar medulloblastoma. He had shunt-dependent obstructive hydrocephalus and awoke with a headache, which led to his current presentation. Examination did not reveal any deficits, such as cognition, motor, sensory, cranial nerve, speech, or gait deficits or evidence of papilledema. The family remarked on occasional speech difficulty. CT scanning showed a 2.4 × 2.8-cm hyperdense lesion in the right temporal/parietal subcortical white matter. MRI showed an acute hemorrhagic mass with surrounding hemosiderin products and edema consistent with a cavernoma in the subcortical white matter deep to the right superior temporal and supramarginal gyri (Fig. 4) . Review of a CT scan from 7 years prior showed a small hyperdensity in this area; unfortunately, all other prior radiographic studies were lost during a natural disaster. Digital subtraction cerebral angiography did not reveal a vascular abnormality. High-resolution MRI with pseudo-continuous arterial spin labeling and DTI was performed, given the eloquent location of the presumed cavernoma and hemorrhage (Fig. 5) . The scan revealed possible involvement of the right geniculate nucleus and the right optic radiation including Baum's loop. Meyer's loop was found just inferior to the cavernoma, and the superior longitudinal fasciculus and arcuate fasciculus were found along the superior and posterior aspects of the cavernoma. The right corticospinal tract was approximately 9 mm anteromedial.
Following a detailed discussion with the patient regarding the nature and natural history of cavernomas, including future observation or surgical management, he requested surgical removal. Resection occurred 4 weeks after the acute episode. The MRI with DTI data were studied, and an entry site was selected at the base of a sulcus. A direct path was taken to the target, ensuring not to disturb the aforementioned tracts (Fig. 5) . The procedure was performed in the same manner as in the previous case, but with a posterior right temporal craniotomy. The final pathology was cavernoma.
The patient was transferred to the ICU with stable mild headache but no objective visual, speech, motor, or sensory deficits. He was transferred to the ICU on postoperative Day 1 and was discharged home on postoperative Day 2. One-year follow-up has not revealed any new deficits. The patient's headache has resolved, and there is no cavernoma recurrence on imaging (Fig. 6 ).
Discussion
The subcortical space is an eloquent area of the brain that almost entirely comprises important white matter tracts. Surgical access and surgery in this area are dangerous and may result in neurological deficits. Cavernomas are benign lesions; therefore, minimizing surgical injury is even more important. In traditional open surgery, the basic surgical tenants such as minimizing brain retraction and disturbing as little tissue as possible is beneficial. 6, 11, 19, 20, 28 However, to access this deep space using traditional approaches, the superficial structures and pathways are at risk. Tissue preservation should be the underlying theme in surgery involving the subcortical space. We report 2 cases in which a transulcal parafascicular port-based resection of cavernomas in deep or eloquent white matter was used with good outcomes.
This approach was pioneered by Dr. Patrick Kelly with a system that used a dilator and a 2-cm or 3-cm tubular retractor for tumor resection with the operating microscope. 15, 23 Later, Nishara and colleagues used an endoscope with a sheath for intracerebral hematoma evacuation. 24 Further refinements have been made with varying port dimensions and shapes, integration with real-time navigation, and a whole spectrum of optics, including operating microscopes, endoscopes, exoscopes, and ultrasound. 2, 10, 12, 17, 22, 26, 27, 40 This approach builds on the positive aspects of prior techniques and applies them to cavernoma resection. The basic tenants include image interpretation and trajectory planning, intraoperative navigation, cortical cannulation and subcortical space access, optics and then resection.
image interpretation
Image interpretation is vital and is the foundation of subcortical surgery. Preoperative fMRI and DTI sequences allow the surgeon to reconstruct the important fiber tracts to plan the trajectory. In both cases the fMRI and DTI sequencing identified the motor fibers, which were the primary concern, and a surgical plan avoiding them was created (Figs. 1, 2, and 5) . In Case 1 the trajectory was very anterior and medial to prevent injury to the corticospinal tract, as the motor fibers wrapped around the anterior and lateral surface of the cavernoma. The tract continued along the inferior surface of the cavernoma, so we had to be cognizant not to go too deep. When planning a trajectory for corridor surgery, one should approach the fiber tracts in a parafscicular rather than transfascicular path to minimize injury.
cortical cannulation and Subcortical Space access
Entry to the subcortical space is made through the base of a sulcus rather than the crest of a gyrus. This allows for the shortest possible path to the target and less damage to the brain. A draining vein may require adjustment of the plan; however, often times the resolution of navigated MRI is sufficient to identify these preoperatively. The obturator tip is designed to be inserted without the need for a corticectomy and to dissect the tracts atraumatically. As the obturator is inserted under real-time navigation, the assistant irrigates around the edges to decrease friction. Upon reaching the target the obturator is removed, leaving the translucent sheath in place, which provides uniformly distributed retraction. The sheath can be secured and serves to protect tracts during the procedure. The port device is a valuable tool with indications beyond cavernoma resection in subcortical surgery. The cavernomas in both cases could have been resected through traditional microsurgical approaches. The first case would require a larger exposure, more dissection, and more time to create the necessary conical cavity down to the pathology. The advantage of the port in the second case is not as great, given the shorter distance to the cortical surface. We feel there is still value in that the port provides evenly distributed retraction with uniform exposure. Additionally, the port protects the surrounding fascicles from inadvertent damage while instruments transition to the pathology. Ultimately the approach method will depend on the operating surgeon's experience, skill, and preference.
intraoperative navigation
Intraoperative navigation is critical for the initial access and the procedure. In Case 1 the right corticospinal tract was at the edge of the hematoma cavity on the lateral, anterior, and inferior aspects. The second case was a little more forgiving, but the corticospinal tract was still less than 1 cm from the area to be resected. Intraoperative navigation was used during both procedures to help identify the edges of resection and proximity to critical structures. The navigation also aids in the wanding maneuver, where the distal portion of the sheath can be moved to expose the edges of larger targets to achieve a complete resection.
optics
Advances is neurosurgery have been made as technology in illumination and optics has evolved. We use an exoscope rather than the operating microscope or endoscope. The port has an inside diameter of 13.5 mm; a minimum of 2 cm is needed for visualization with the microscope. 22 The endoscope uses valuable space with the tube, limiting dexterity. The exoscope is fixed with a robotic arm positioned at a distance from the port as dictated by the surgeon's preference. The lighting is adequate to illuminate the field, and we have not noted any difficulties with reflections from the wall of the port. The robotic arm also stabilizes the picture and allows bimanual technique. Most neurosurgeons are familiar with the 3D view afforded by a microscope. The exoscope provides a 2D picture, and there is a bit of a learning curve involved that is easily overcome. We recommend practicing with the exoscope in the laboratory before making it a part of clinical practice.
Resection
Resection through the port is aided by the ability to use both hands, and the walls afford protection to the tracts as instruments are inserted or removed. The sheath is large enough to accommodate standard microneurosurgical instruments, bipolar cautery, and suction. The NICO Myriad system is a valuable device that makes resection through the sheath possible. The device tip is blunt with a side-cutter and connects to a sterile aspiration system. The shaft is malleable and can be bent cautiously to a degree to move the operator's hand from the field of view. The handle is also short enough that it fits between the tip of the exoscope and the field. It works well for resection of soft tissue; firmer tissue presents a difficulty and limits the overall application of the port technology, as in the case of a firm intraventricular meningioma. Wanding the distal end of the port may be helpful in some instances. However, we have found that in most cases, including hematoma evacuation, that as tissue or hematoma is resected the cavity tends to collapse upon itself to a degree, bringing additional pathology into the field of view.
Performing these procedures in an awake fashion with continuous neurological examination whenever possible increases the safety. Great care must be taken to properly register the navigation devices appropriately and monitor for deviations throughout the procedure. Brain shift during the procedure from large openings or drainage of cerebrospinal fluid can render navigation systems inaccurate. 8, 13, 33 This method allows for a small craniotomy, which helps to minimize shift, increasing the reliability of the navigation. 13, 33 conclusions The transulcal parafascicular minimally invasive approach relies on image interpretation and trajectory planning, intraoperative navigation, cortical cannulation and subcortical space access, high-quality optics, and resection as key elements to minimize exposure and retraction and maximize tissue preservation. We applied this approach to 2 patients with cavernomas in eloquent subcortical white matter and the thalamus with good outcomes.
